The role of high-dose therapy with melphalan followed by autologous stem cell transplant (HDT/ASCT) in patients with multiple myeloma continues to be debated in the context of novel agent induction.
H igh-dose therapy with melphalan followed by autologous stem cell transplant-a combination henceforth referred to as HDT/ASCT-has been the standard treatment for newly diagnosed patients with multiple myeloma (MM) for the past 20 years. Several phase 3 studies conducted before the advent of modern induction therapy with immunomodulatory drugs and proteasome inhibitors (also called "novel agents") [1] [2] [3] [4] confirmed that HDT/ASCT was associated with improved response rates (RR), progression-free survival (PFS), and even overall survival (OS) in some studies. 2, 4 Given the unprecedented efficacy of novel agents, investigators have sought to reevaluate the role of HDT/ASCT. All prospective studies performed in the recent era have consistently shown a PFS benefit, [5] [6] [7] [8] but their effect on RR and OS compared with the standard-dose therapy (SDT) has been variable. 5, 6 Some of these discrepancies have been attributed to the use of suboptimal induction regimens, single HDT/ ASCT (HDT1) vs tandem HDT/ASCT (HDT2) in the study arm, and inadequate follow-up across studies. The role of HDT2 compared withHDT1 remains unclear, especially after recent results of 2 large randomized trials that had divergent results. 9,10 Furthermore, 2 studies 7,8 that compared HDT2 with SDT showed OS benefit, but the study that compared HDT1 with SDT did not. 5 There are no randomized trials directly comparing HDT1 vs HDT2 and SDT in patients with newly diagnosed MM. Moreover, indirect comparisons of these approaches are not available as well. There is a need to clarify the relative benefits of HDT1 or HDT2 and posttransplant consolidation in the context of modern novel agent induction therapy.
To address these issues, we performed a systematic review and conventional meta-analysis of all phase 3 randomized clinical trials (RCTs) in the era of modern induction to establish the role of HDT/ASCT compared with SDT in the context of novel agents. To better delineate the role of HDT2 compared with HDT1 and SDT; we also performed a network metaanalysis of all the phase 3 RCTs that evaluated the role of HDT/ ASCT.
Methods

Data Sources
We searched MEDLINE (PubMed), Scopus, and Cochrane Collection of Controlled Trial databases using the term "myeloma" combined with "autologous," "transplant," "myeloablative," or "stem cell" after January 1, 2000. We conducted a hand search of conference abstracts from the last 4 annual meetings (ie, 2014-2016) 
Study Selection
Studies meeting the following criteria were included: (1) use of phase 3 RCT design; (2) enrolled and reported outcomes for patients with newly diagnosed MM undergoing HDT/ASCT; (3) directly compared combination chemotherapy with novel agents followed by consolidation with HDT/ASCT vs SDT alone; and (4) directly compared HDT1 vs HDT2 (for network metaanalysis only). Small-scale studies (sample size <100 patients) were excluded. Eligible studies had a minimum of 2 years follow-up and reported PFS and/or OS as their end points using an intention-to-treat analysis.
Data Extraction
Two reviewers (B.D. and S.C.) independently abstracted the data. For each study, the data collected included date of publication, first author, number of patients enrolled and randomized in each arm, age (years), proportion of patients with International Staging System (ISS) stage III classification, and high-risk cytogenetics. For the interventions, we abstracted the types of standard chemotherapy regimen used in the control arms, as well as HDT/ASCT and their doses. In each arm, we also calculated the complete response (CR) rates and the treatment-related mortality (TRM) and the between-arm hazard ratios (HRs) for PFS and OS if available. Any disagreement between the 2 reviewers was resolved by a third reviewer (P.H.) or contacting the study authors when necessary.
For one of trials selected for network meta-analysis (the STaMINA trial), 10 HRs were not reported, and thus were extracted based on the Kaplan-Meier curves using the method of Parmar et al. 11 The images of the curves were saved in PNG format, and their values at 4-month increments were extracted using the automatic point-finding method of the WebPlotDigitizer 3.11 software (Ankit Rohatgi [https://automeris .io/WebPlotDigitizer/]). The data were entered into an HR calculation spreadsheet template developed by Sydes and Tierney, 12 and the estimated HR and 95% CI, under the assumption of uniform within-interval censoring, were used in the analysis. The risk of bias in the included RCTs was assessed using the Cochrane Risk of Bias Tool.
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Data Synthesis
Statistical analysis was performed using R 3.2.3 (R Foundation for Statistical Computing) with the metafor package. 14 The effect size was quantified as the HRs for the survival outcomes and odds ratio (OR) for CRs. Heterogeneity was
Key Points
Question What is the role of autologous stem cell transplantation in patients with multiple myeloma in the context of use of novel agents?
Findings In this systematic review and meta-analysis, this modality (including tandem transplantation or single-transplant followed by consolidation with bortezomib, lenalidomide, and dexamethasone) when compared with standard-dose therapy was associated with superior progression-free survival. None of the transplant-based approaches were associated with improved overall survival.
Meaning Autologous stem cell transplantation remains the preferred therapy in transplant-eligible patients with multiple myeloma.
assessed by the Q statistic and quantified using I 2 . Overall survival, PFS, and CR were analyzed both separately in a univariate analysis and jointly in a multivariate analysis that used the correlation between the effects of a treatment on the related outcomes to impute results for unreported outcomes. Inference was based on a random-effects analysis, with an unstructured within-comparison covariance matrix for the multivariate analysis. A forest plot with combined HR (95% CI) for OS and PFS benefit of up-front HDT/ASCT vs SDT was constructed showing the results of both the univariate and multivariate models. We explored heterogeneity of the effects by meta-regression. Specifically, the proportions of patients receiving a tandem HDT/ASCT and median follow-up (for survival outcomes) were explored as potential effect modifiers.
A network meta-analysis exploring the differential effects of variations of the HDT treatment group was conducted using a mixed-effects model as described by Law et al. Inconsistency was evaluated by fitting an extended model including design-by-treatment interaction via a random effect and comparing the models by a likelihood-ratio test. Both univariate and multivariate analysis were conducted as described. The model-based estimates of the effect of each treatment compared with SDT were visualized on a forest plot with 95% CIs with the treatments ordered from largest to smallest effect. This work was performed in accordance with PRISMA guidelines.
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Results
A total of 2480 articles were identified as outlined in Figure 1 of which 2474 articles were excluded after title and abstract review for not meeting the inclusion criteria. A total of 6 studies were found to be potentially relevant. Overall, 4 RCTs that compared HDT/ASCT vs SDT involving 2421 patients were eligible for inclusion for conventional meta-analysis. For network meta-analysis, we included 1 additional study (total 5 studies) that compared HDT2 with HDT1 alone vs HDT1 followed by consolidation with bortezomib, lenalidomide, and dexamethasone (VRD).
Conventional Meta-analysis Study Characteristics
The summary of the 4 randomized trials [5] [6] [7] [8] is shown in Table 1 . pending on the center) or four 42-day cycles of bortezomib, melphalan, and prednisone after 4 cycles of induction with cyclophosphamide, bortezomib, and dexamethasone. The patients underwent the second randomization to VRD vs no consolidation. All patients received maintenance with lenalidomide. Of 1500 patients, 1192 were randomized to HDT/ASCT or bortezomib, melphalan, and prednisone consolidation, out of which 207 patients received HDT2. As shown in Table 1 , ISS stage III and high-risk cytogenetics were comparable across these studies.
Quality of the Studies and Risk of Bias
The Cochrane Risk of Bias assessment is provided in eFigure 3intheSupplement. In addition, because the study has not been published yet. Two trials 7,8 described adequate methods of random sequence generation and allocation concealment, while the third trial 5 did not clearly report these. In all 3 studies, 5, 7, 8 there was no blinding of the participants, but it was not clear whether there was any blinding of the outcomes assessment. None of these studies had incomplete outcome data or selective outcome reporting. Furthermore, the study groups were balanced on prognostic factors, with same reference time used for both arms in all the studies. All the 3 5,7,8 studies reported analyses of harms per protocol and benefits as intention-to-treat.
Complete Response
Overall response rates including the CR rates were reported in all studies. [5] [6] [7] [8] As shown in (eTable 1 in the Supplement), higher proportions of patients receiving HDT/ASCT achieved CR when compared with SDT arm. The forest plot with individual and combined OR is shown in Figure 2A . The combined OR for CR was 1.27 (95% CI, 0.97-1.65; P = .07) with HDT/ASCT when compared with SDT showing a trend toward deeper responses achieved with up-front HDT/ASCT. Meta-regression analysis showed no association with HDT2 and additional increase in the proportion of patients achieving CR (HR, 0.93; 95% CI, 0.45-1.89; P = .84).
Treatment-Related Mortality
Information on treatment-related mortality (TRM) was variably reported (eTable 1 in the Supplement). Only two studies 5, 8 reported TRM with HDT/ASCT. In both these studies, TRM was very minimal (<1%) and comparable with the SDT arm. 
PFS
OS
Only 3 studies 5, 7, 8 included in the analysis reported OS.
There was significant heterogeneity in the estimates across studies as demonstrated by I 2 78.7% for OS (P = .01). The forest plot of the individual and combined studies is shown in Figure 2C associated with a larger beneficial effect of HDT on OS (eTable 2 in the Supplement). The multivariate analysis accounting for correlation between the effect of treatment on PFS, OS, and CR did not substantially alter the estimates for PFS and CR for which data from all 4 studies 5-8 was available. However, the estimated effect was reduced (moved closer to no effect) for OS.
Network Meta-analysis
To better delineate the role of HDT2 compared with both HDT1 and SDT, we performed a network meta-analysis of all phase 3 randomized trials that met the criteria outlined in the study selection. eFigure 1 in the Supplement represents the complex network of the role of HDT/ASCT in MM. In addition to the 4 studies included in the conventional meta-analysis, we included the results of the recent study from the Blood and Marrow Transplant Clinical Trials Network (BMTCTN 0702) or STaMiNa study. 10 In this study, after receiving HDT1, the patients were randomized into 3 different arms: (1) HDT2 (n = 247); (2) HDT1 plus 4 cycles of VRD (n = 254); and (3) none (N = 257). All 3 arms received lenalidomide maintenance until progression. More than 50% of the patients in all 3 arms received prior induction with VRD; however, 32% of patients in HDT2 arm and 11% of patients in HDT1 plus VRD arm did not receive the assigned post-HDT1 treatment. The study showed no difference in the OS (HDT2, 85%; HDT1 plus VRD, 85.7%; and HDT1, 83.4%) and PFS (HDT2, 56.5%; HDT1 plus VRD, 56.7%; and HDT1, 52.2%) at 38 months follow-up.
Results vs SDT eFigure 2 in the Supplement represents the network metaanalysis results in which SDT was used as the comparator: the solid lines show the results of univariate network metaanalysis run separately for PFS and OS, and the dashed lines (and estimates in italic) show the results of the multivariate network meta-analysis that incorporates the correlation between PFS and OS "inferring" the OS results of trials that did not report OS. Treatments based on HDT/ASCT were associ- ated with superior PFS compared with SDT. Furthermore, HDT2 had the most favorable results for PFS compared with SDT (HR, 0.49; 95% CI, 0.37-0.65) followed by HDT 1 plus VRD (HR, 0.53; 95% CI, 0.37-0.76). For OS, none of the HDT/ASCT-based approaches had a significant effect on survival compared with SDT. No significant inconsistency was found; thus, the results of the consistency model are presented. The results of the inconsistency model were not qualitatively different.
The pairwise comparisons for all these groups are shown in eTable 3 in the Supplement for PFS and OS. Among the results shown, the comparison of HDT2 vs HDT1 is worth mentioning. Our results showed that HDT2 (HR, 0.79; 95% CI, 0.55-0.92; P < .001) and HDT1 plus VRD (HR, 0.78; 95% CI, 0.54-1.00; P = .02) were associated with superior PFS compared with HDT1, but no difference in OS was observed.
Discussion
This meta-analysis incorporating both conventional metaanalysis and network meta-analysis of all the large phase 3 RCTs from January 2000 to April 2017 showed that HDT/ASCT was associated with superior PFS compared with SDT. Furthermore, it showed that HDT2 and HDT1 plus VRD were associated with superior PFS compared with HDT1 alone. The results did not demonstrate any OS benefit with HDT/ASCT approaches. The toxic effects and the response rates of both HDT/ASCT and SDT were comparable demonstrating the safety of HDT/ASCT while also establishing the unprecedented response rates associated with novel agents. Using a metaregression, we demonstrated that longer follow-up was associated with an increase in the observed beneficial effect of HDT/ASCT on both PFS and OS. A possible explanation of this finding is that the HR increases over time (ie the proportional hazards assumption is not valid). Thus, future studies should plan for nonproportional hazards and not rely on Cox regression for analyses, as well as allow for longer follow-up for OS.
There was a trend for higher CR rates with HDT/ASCT in our analysis. Several retrospective studies have suggested the link between the achievement of CR and prolonged survival.
17,18
However, a pooled analysis of 3 prospective clinical trials showed that regardless of the type of treatment or patient risk group; persistent minimal residual disease (MRD)-negative status abrogates the prognostic benefits of CR on both PFS and OS. 19 This observation has been bolstered by a recently published meta-analysis 20 that showed that the achievement of MRD negativity following any treatment was associated with superior outcomes; MRD is most likely a better predictor of outcomes in MM than conventional CR, and the impact of CR is likely derived from the higher likelihood of patients who achieved CR to be MRD negative. Minimal residual disease status was not assessed in any of the included studies except for the study by Attal et al 5 where higher rates of MRD negativity was observed in the HDT/ASCT group, and patients treated with HDT/ASCT with MRD negativity were found to have better survival. These findings suggest a role for HDT/ASCT to achieve higher rates of MRD negativity even after modern induction, and ongoing phase II studies seem to suggest this as well. 21 Future trials that use even more sensitive MRD-detection techniques will establish the more definitive role of MRD status and the relative contribution of HDT/ASCT. Both short-term and long-term toxic effects are potential concerns associated with HDT/ASCT. In a meta-analysis performed in pre-novel agent era, the overall odds of death due to TRM were significantly higher with HDT (OR, 3.01; 95% CI, 1.64-5.05). 22 Our analysis of TRM is limited because only 2 studies reported TRM. 5, 7 But both these studies showed that there was no difference in the TRM between the two groups (<1%). There were slightly higher but acceptable rates of other grades of treatment-related toxic effects associated with HDT. Therapy-related acute myeloid leukemia-myelodysplastic syndrome is one of the long-term consequences associated with HDT occurring up to 10 years after transplantation. Only one study 5 reported this outcome in which 4 cases of acute myeloid leukemia occurred in the HDT/ASCT group vs 1 in the control group. The other studies 6-8 did report the overall rates of second malignancies but did not specifically delineate in the HDT/ASCT group. Longer follow-up of these studies are needed to define the risk of second malignancies, and the contribution of lenalidomide maintenance need to be considered in this context. Given the importance of depth of response, many studies in myeloma have aimed to sequentially lower the disease burden with repetitive application of therapy. One of the most popular therapies, especially in European studies, is the use of HDT2. Studies 23,24 performed in the pre-novel therapy era showed no uniform survival benefit with HDT2 after the initial IFM94 study 23 suggested OS advantage. The subset analyses of these studies suggested the benefit with this modality in patients who failed to achieve at least a very good partial response status with the HDT1. The relevance of these findings to current practice is not clear because a majority of patients achieve a very good partial response with novel agent induction followed by HDT1. Cavo et al 25 performed an integrated analysis of 4 trials that showed that the greatest benefit with HDT2 vs HDT1 in terms of extended PFS (HR, 0.41) and OS (HR, 0.22) was seen in patients with t (4; 14) and/or del (17p) positivity and who failed CR to bortezomib-based induction therapy. The results from our analysis indicate that HDT1 plus VRD and HDT2 are equivalent in terms of their PFS superiority compared with HDT1 or SDT. Based on this, VRD or similar consolidation may be preferred to HDT2 if further cytoreduction after HDT1 is considered. The lack of OS benefit in these studies could have several causes, one of them being crossover or the use of HDT/ASCT at relapse. Unidirectional crossover from the control or placebo arm of cancer trials to the experimental drug (but not vice versa) is thought to explain why some cancer drugs that improve PFS fail to improve OS. 26 A majority of patients in the SDT arm underwent salvage transplantation at relapse and early stem cell collection, and cryopreservation was mandated in the control arm all 4 studies. The rates of HDT/ASCT at relapse varied from 62.8% in Palumbo et al, 8 to 43% in Gay et al, 7 and to 79% in Attal et al, 5 while the rate at relapse was not reported in Cavo et al. 6 Though the study by Attal et al 5 was the only study specifically designed as an early vs delayed transplant study, the reason for transplant in the SDT arm was disease progression and/or relapse in all these studies. Given the major improvements in treatments of relapsed MM, it is difficult to predict whether an OS difference would emerge even with longer follow-up. The use of effective induction regimens, as in the study by Attal et al, 5 as well as the use of lenalidomide maintenance, are both highly effective survival-prolonging strategies in MM. 27 The extensive use of lenalidomide maintenance resulting in longer survival in the SDT arm and the lack of longer-term follow-up might lead to underestimation of longer-term survival effects as our analysis showed. Despite the lack of demonstrable OS benefit, we conclude that HDT/ASCT remains the preferred up-front treatment option. A significant PFS benefit, low TRM, and potential high MRD-negative rates conferred by HDT/ASCT in the context of best available nontransplant therapies are enough to justify this approach for patients with newly diagnosed MM. The achievement of high MRD rates with HDT/ASCT may render this approach the ideal platform for testing novel approaches (eg, immunotherapy) aiming at disease eradication and cures. Previous studies have demonstrated that HDT was associated with improved quality of life in the pre-novel agent era. 28 No such quality-of-life data have been reported for the studies in the current era. Further studies looking at quality of life, patient-reported outcomes, and pharmacoeconomics are recommended because maintenance and post-transplant therapy are now standard. ). The heterogeneity present across studies was incorporated in the analysis in several ways: random effects approach, evaluating effect modifiers, and finally exploring the effect of HDT1 vs HDT2 using network meta-analysis. While we found that the trial characteristics explained some of the heterogeneity, we were not able to explore the functional form of the effect of modifiers or fully adjust for them owing to the low number of trials. The effect of secondary randomizations also complicates the interpretation of long-term results, especially OS. Because omitting a balanced covariate in a randomized study biases the estimated HR toward no effect, the beneficial effect of HDT/ASCT might be underestimated. However, to our knowledge, this is the first meta-analysis to consider the totality of the available evidence of RCTs evaluating the role of HDT/ASCT in the setting of novel agents and comparing the differential role of HDT2 vs HDT1 and SDT.
Conclusions
Up-front HDT/ASCT remains an effective treatment strategy for patients with newly diagnosed MM and has an acceptable profile of toxic effects and costs.
